All existing sea otter (Enhydra lutris) populations have suffered at least 1, and in some cases 2, population bottlenecks. The 1st occurred during the 18th and 19th centuries as a result of commercial hunting that eliminated sea otters from much their native range and reduced surviving populations to small remnants. The 2nd bottleneck occurred when small numbers of otters were reintroduced, via translocation, to areas where the species had been eliminated. We examined genetic variation at 7 microsatellite loci and the mitochondrial DNA (mtDNA) control region in 3 remnant populations, Amchitka Island (Aleutian Islands, Alaska), central coastal California, and Prince William Sound (Alaska), and in 2 reintroduced populations, southeast Alaska and Washington, that were founded with transplants from Amchitka, and in the case of southeast Alaska, individuals from Prince William Sound as well. We found no evidence of reduced genetic diversity in translocated populations. Average expected microsatellite heterozygosities (H E ) were similar in all populations (range, 0.40-0.47), and mtDNA haplotype diversities were higher in reintroduced populations (0.51 for both Washington and southeast Alaska) than in remnant populations (X ϭ 0.35; range, 0.18-0.45). The levels of genetic diversity we observed within sea otter populations were relatively low when compared with other mammals and are thought to be the result of fur trade exploitation.
. A potential effect of reduced genetic variation is inbreeding depression that could result in slower growth, and reduced fecundity and survival (Ballou and Ralls 1982; O'Brien et al. 1996; Ralls et al. 1979 Ralls et al. , 1988 . The ability of translocated populations to recover from lost genetic diversity as a result of population bottlenecks has often been questioned, but there are relatively few empirical examples from natural populations (Bodkin et al. 1999; Caro and Laurenson 1994; Wayne 1996) . Consequently, translocation efforts should include monitoring of genetic variation in source and introduced populations because this information may be critical for long-term management of introduced populations and as a strategy for enhancing species survival.
The sea otter (Enhydra lutris) has a history of extirpation, population fragmentation, and subsequent recolonization or reintroduction into vacant habitats. Sea otters once ranged throughout coastal regions of the north Pacific rim from the islands of northern Japan to central Baja California, Mexico (Kenyon 1969) . They were hunted to near extinction throughout much of their original range during the fur trade of the 18th and 19th centuries, then given protection in 1911 under the International Fur Seal Treaty (Kenyon 1969) . Remnant populations persisted in California, south-central Alaska, the Aleutian, Commander and Kuril Islands, and the Kamchatka Peninsula. Sizes of these remnant populations immediately after protection are unknown and likely varied among sites, but they may have ranged from a few tens to hundreds of individuals (Bodkin et al. 1999 (Bodkin et al. , 2000 Scribner et al. 1997) . By the late 1970s, several otter populations had recovered to preexploitation levels, with the total species numbering approximately 100,000 in 1994 (J. Bodkin et al., in litt.) . However, throughout much of their historic range, including southeastern Alaska, the west coast of Canada, Washington, Oregon, and most of California, sea otters remained below preexploitation levels or were absent (Kenyon 1969) . In the late 1960s and early 1970s several reintroductions from 1 or 2 remnant populations were made in an effort to reestablish sea otters in areas where they were extinct (Jameson et al. 1982) .
Knowledge of the influence of population bottlenecks caused by the fur harvest on genetic variation in remnant sea otter populations is limited, although some postbottleneck survey data are available for estimating population growth rates (Bodkin et al. 1999) . Assumed minimum population sizes of the remnant sea otter populations ranged from 10 to 40 and estimated bottleneck durations ranged from 8 to 44 years (Bodkin et al. 1999) . In contrast, the number of animals moved during translocations is known exactly, although there is uncertainty about initial survival rates, and sizes of founding populations can also be backcalculated from posttranslocation surveys (Bodkin et al. 1999; Estes et al. 1998 (Estes 1990; Riedman and Estes 1990) . Another successful reintroduction effort established a population off the northwest coast of Washington. This population descended from 59 individuals captured in 1969 and 1970 from Amchitka Island in the Aleutian Islands (Jameson et al. 1982) . Estimates of founding population sizes, using population growth rates and census data, range from as low as 4 to 10 individuals (Bodkin et al. 1999; Estes et al. 1998) .
Given this history, it is evident that all extant sea otter populations incurred population bottlenecks of varying severity and duration. The impact of these bottlenecks on genetic variation within surviving sea otter populations remains unclear and will remain so until archival samples predating the impact of the fur trade become available for analysis. However, it is possible to compare levels of genetic variation in translocated (and therefore potentially twice bottlenecked) populations to remnant populations, including those used to found the translocated populations, and therefore to determine whether translocated populations harbor less genetic variation than the remnant and source populations. Such a comparison should ideally be conducted using both nuclear genetic markers and mitochon-drial DNA (mtDNA), because the former provide the most general measure of genome-wide patterns of genetic variability, whereas the latter provides a particularly sensitive indicator of bottlenecks involving maternal lineages (Avise 1994) .
Previous genetic studies of sea otters have revealed low-to-moderate levels of genetic variation within and among populations but have not specifically compared translocated populations with their source populations using microsatellites or other highly polymorphic nuclear markers (Scribner et al. 1997) . Bodkin et al. 1999 compared remnant and translocated sea otter populations using restriction-fragmentlength polymorphisms of mtDNA and found that mean haplotype diversities were 0.34 in remnant groups and 0.60 in translocated groups, although the differences between the 2 were not significant (P ϭ 0.12). Furthermore, the low levels of variability revealed by allozymes, the only single-locus nuclear markers studied to date (W. Z. Lidicker and F. C. McCollum, in litt.; Rotterman 1992; Scribner et al. 1997) , limit their potential utility in this context.
Our primary goal in this study was to contrast genetic variation in translocated sea otter populations and their source populations using sequence variation in microsatellites and mtDNA control regions. To this end, we compared 3 remnant sea otter populations from Amchitka, Prince William Sound, and California, and 2 translocated populations from southeast Alaska (founded with individuals from Amchitka Island, 1 of the Rat Islands within the Aleutian Islands, Alaska and Prince William Sound along the west coast of central Alaska east of Kodiak Island) and Washington, derived exclusively from Amchitka. Because highly polymorphic single-locus nuclear DNA markers such as microsatellites have not previously been described for sea otters, we 1st identified a suite of 7 microsatellite markers suitable for assay of genetic variation in sea otters. We then measured genetic variation within and differentiation among the populations using these 7 microsatellite markers as well as mtDNA control region sequences.
MATERIALS AND METHODS
In the absence of published microsatellite primers for sea otters, primers developed for mink (Mustela vison-Fleming et al. 1999; O'Connell et al. 1996) , ermine (Mustela erminea- Fleming et al. 1999) , and European otters (Lutra lutra-Dallas and Piertney 1998) were tested on sea otter nuclear DNA. Of 20 primer sets tested, polymerase chain reaction (PCR) conditions were optimized for 6 loci, and an easily scored microsatellite product was produced for each (Appendix I). In addition, a sea otter genomic library was generated and screened for sea otter-specific microsatellite markers following methods described in Olsen et al. (1998 Dallas and Piertney 1998) . A 320-bp stretch of the mtDNA controlregion D loop was amplified using the universal primers L15926 (5Ј-GAATTCCCCGGTCTTGT-AAACC-3Ј) and H16340 (5Ј-CCTGAAGTA-GGAACCAGAATG-3Ј-Cheney 1995).
Pieces of tissue approximately 5 by 5 mm were used for extraction of DNA. These were taken from the hole created during application of rear-flipper tags for individual identification and whole blood samples taken from sea otters during tagging operations. These flipper plugs were preserved frozen or in 100% ethanol, whereas whole blood was preserved in ethylenediamine-tetraacetic acid (EDTA), and samples were stored at Ϫ20 or Ϫ40ЊC before DNA isolation. DNA was extracted from the 5-mm hind-flipper tissue using a standard phenol-chloroform method (Hoelzel and Green 1992) , resuspended in 100 l of Tris-EDTA buffer, and then stored at Ϫ20 or Ϫ70ЊC for Յ1 year. DNA from whole blood was extracted using the QIAamp Blood and Tissue Kit (Qiagen, Valencia, California).
Microsatellites and the control region of mtDNA were amplified using a GeneAmp PCR 9600 thermal-cycler (Perkin-Elmer, Wellesley, Massachusetts) in 10 l containing 100-250 ng purified DNA template, 0.5 M forward and reverse primer, 0.3 U Taq DNA polymerase (Promega, Madison, Wisconsin), 10 mM Tris-HCL (pH 8.3), 50 mM KCL, 1.5 mM MgCl 2 , and 0.2 mM each dNTP and dH 2 O to make up final volume. The amplification profile was as follows: 1 cycle of 94ЊC (240 s (300 s), where X is the primer-specific annealing temperature (Appendix I). PCR products were stored at 4 or Ϫ20ЊC until analysis for fragment length.
PCR products were analyzed on a 373A-XL Stretch autosequencer-genescanner (Applied BioSystems Inc., ABI, Foster City, California) as described (Olsen et al. 1996) or on an ABI 310 single-capillary system in Genescan mode (Applied BioSystems Inc. 1993) . Each run contained at least 1 reference sample as well as several repeated samples to ensure accuracy. Allele scoring for each locus was performed using Genotyper Software, version 2.0 (Applied BioSystems Inc. 1996). Microsatellite sequences and mtDNA sequences were determined using an ABI 373A Stretch and an ABI 377 automated sequencer using ABI prism Taq DyeDeoxy terminator chemistry (ABI). Mitochondrial DNA haplotypes were confirmed by sequence differences in both directions.
The presence of closely related individuals (e.g., mother and offspring or full siblings) within population samples could bias estimates of population genetic parameters. In an effort to eliminate this bias, the program Kinship 1.2 (K. F. Goodnight, in litt.) was used to identify pairs of individuals within population samples that were likely to be closely related. This entailed using microsatellite genotypes to calculate relatedness coefficients (r) and simulations to evaluate the likelihood of given values of r occurring in unrelated individuals. As a conservative measure, 1 individual from each pair for which the probability of the null hypothesis (no 1st-order relationship) was less than 5% (P Ͻ 0.05) was removed from that population before other analyses were performed. This procedure led to the identification of 23 related pairs and subsequent removal of 4 individuals from Amchitka, 10 from California, 1 from southeast Alaska, 2 from Prince William Sound, and 6 from Washington. The following are the final sample sizes included in the statistical analysis: 36 from Amchitka, 54 from California, 24 from southeast Alaska, 33 from Prince William Sound, and 27 from Washington, resulting in a total of 174 otters.
Tests for departures from Hardy-Weinberg equilibrium, genotypic linkage disequilibrium and independence between populations, and allele frequency were performed for all populations using the probability test in GENEPOP 3.1 software (Raymond and Rousset 1995) . A Markov chain method was used to provide an unbiased estimate of the exact P-value (Guo and Thompson 1992) , except for tests of HardyWeinberg equilibrium at loci with fewer than 5 alleles. F statistics (F ST and F IS ) were calculated according to Weir and Cockerham (1984) using GENEPOP software, and the significance of F ST estimates was determined using a permutation test implemented in the GENETIX 4.0 package (K. Belkhir et al., in litt.) . Sequential Bonferroni adjustments were used to determine significance levels for all simultaneous tests (Rice 1989) . Results are presented as mean Ϯ 1 SE.
Population dendrograms were constructed separately for the microsatellite and mtDNA data using the CONTML program in the PHY-LIP software package (version 3.5c-J. Felsenstein, in litt.). This program estimates phylogenies from allele frequency data by maximum likelihood under a model that assumes that all divergence is caused by genetic drift in the absence of new mutations (J. Felsenstein, in litt.). The trees were drawn with the aid of the TREEVIEW program (R. Page, in litt.). Assignment tests in which individuals were assigned to populations on the basis of the likelihood of their microsatellite genotypes were conducted using the Assignment Calculator program (Paetkau et al. 1995 (Paetkau et al. , 1997 .
RESULTS
The average number of microsatellite alleles per locus was 4.14 (range, 2-8), and average expected heterozygosity (H E ) was 0.426 Ϯ 0.039 (Table 1) . Departures from Hardy-Weinberg expectations were not significant for most microsatellite loci (significant F IS values; Table 1 ). The only exception was locus Mvi57 in California, which exhibited a significant excess of heterozygotes (F IS ϭ Ϫ0.287, P ϭ 0.003, Bonferroni corrected initial ␣ ϭ 0.007). In addition, there was no evidence of linkage disequilibrium.
Variability of the mtDNA control region of 320 bp revealed 4 haplotypes, characterized by transitions at 3 sites (Table 2) . Average haplotype diversity (h) was 0.412 Ϯ 0.061, and average nucleotide diversity () was 0.00098 Ϯ 0.00029 (Table 1) .
There was no tendency for translocated populations to show less genetic variation than that of remnant populations; instead, levels of genetic diversity (H E ) were similar in all populations (Table 1) . Mean H E in the 2 translocated populations, Washington (0.431) and southeast Alaska (0.467), was not less than H E in the 2 source populations, Amchitka (0.434) and Prince William Sound (0.414), or in the other remnant population, California (0.401). Although number of alleles at some microsatellite loci varied among populations, the total number of alleles across the 7 loci was similar in all populations (21-23). mtDNA-haplotype diversity (h) varied somewhat more among populations than did H E (h, 0.180-0.509) but was similar or higher in the translocated populations (Washington, 0.509 and southeast Alaska, 0.508) than in either of the source populations (Amchitka, 0.451 and Prince William Sound, 0.180) or California (0.414). All populations had 2 mtDNA haplotypes, except for California, which had 3, 1 of which occurred at low frequency (0.03; Appendix I).
Although the 5 sea otter populations exhibited similar levels of genetic diversity, there was marked genetic differentiation among populations. Heterogeneity in allele frequencies among populations was significant for all microsatellite loci taken individually (Bonferroni adjusted P Ͻ 0.007), except locus An5 (P ϭ 0.046), and for all loci taken collectively (Fisher's combined test, d.f. ϭ 6, P ϭ 0.003). Likewise, heterogeneity in mtDNA haplotype frequencies among populations was highly significant (d.f. ϭ 4, P Ͻ 0.001).
As expected, populations that were related by translocation were less differentiated from each other than were populations not related in this manner (Table 3) . Mean microsatellite F ST was 0.049 Ϯ 0.016 for pairs of populations related by translocation and 0.183 Ϯ 0.016 for those that were not. mtDNA showed a similar pattern: mean pairwise F ST for this marker was 0.077 Ϯ 0.083 for related populations and 0.466 Ϯ 0.018 for unrelated populations.
Pairwise F ST estimates between source and translocated groups were consistent with translocation data. Eighty-nine percent of the sea otters translocated to southeast Alaska were from Amchitka, whereas the remaining 11% were from Prince William Sound (Jameson et al. 1982) . The microsatellite F ST for Amchitka compared with southeast Alaska was not significantly greater than 0 (F ST ϭ 0.018, P ϭ 0.035), whereas for Prince William Sound compared with southeast Alaska, F ST was 0.101 (P Ͻ 0.001). Likewise, the mitochondrial F ST was Ϫ0.004 for Amchitka compared with southeast Alaska and 0.321 (P Ͻ 0.001) for Prince William Sound compared with southeast Alaska (Table 3) . The genetic data reflect numerical proportions of translocated population, indicating that Amchitka otters were relatively more important than those from Prince William Sound in founding the population. By comparison, although Washington was entirely derived from Amchitka founders, it was rather more differentiated from Amchitka than south- (Table 3 ) and was also evident in maximum-likelihood trees based on allele or haplotype frequencies (Figs. 1 and 2). In both the microsatellite and mtDNA dendrograms, specimens from California and Prince William Sound appeared divergent from the remaining populations relative to Amchitka. The divergence of California was especially pronounced on the mtDNA tree (Fig. 2) , reflecting the fact that 2 haplotypes, D and E, which had a combined frequency of 94% in California, were rare or absent in the other populations (Appendix I), similar to the pattern of mtDNA haplotype frequency reported by Cronin et al. (1996) .
Assignment tests confirmed the general pattern of differentiation described previously (Table 4) . Overall, 71% of individuals were assigned to the correct populations. Correct assignment rates were highest for California (91%) and Prince William Sound (79%) and ranged from 29% to 67% among the remaining populations. Most incorrectly assigned otters were assigned to populations that were related to the correct population by translocation. For example, some Washington otters were misassigned to Amchitka (11%) and southeast Alaska (22%) but not to either Prince William Sound or California. Similarly, some Prince William Sound otters were misassigned to southeast Alaska (21%) but not to other populations. In total, among 50 otters assigned incorrectly, only 10 (20%) were assigned to populations not related to the correct population by translocation, as opposed to the approximately 25 otters (50%) that would have been expected to have been assigned to unrelated populations by chance.
DISCUSSION
The primary goal of this study was to compare genetic variability in translocated sea otter populations relative to populations that were not translocated. To facilitate this we compared levels of genetic variation at 7 microsatellite loci that are variable in sea otters, as well as a portion of the mitochondrial control region in translocated and remnant populations. We found that neither the microsatellites nor the mtDNA sequence revealed any evidence of reduced genetic variation in translocated populations relative to source populations. In another study that compared genetic diversity within remnant and translocated sea otter populations, Bodkin et al. (1999) found mtDNA diversity of restriction fragment length polymorphism haplotypes was lower, but not significantly, in remnant populations (Amchitka ϭ 0.569 and Prince William Sound ϭ 0.178) than in 
most translocated populations (Washington ϭ 0.469, southeast Alaska ϭ 0.744, and British Columbia ϭ 0.591). Hence, it appears that founding-population sizes in translocated populations have been sufficient to preserve measurable molecular genetic variation that remains in the species. It is noteworthy, however, that the Washington population has diverged significantly in frequencies of microsatellite alleles and mtDNA haplotypes from the Amchitka source population, whereas the southeast Alaska population, founded with approximately six times as many individuals from the same population, has not differentiated significantly from Amchitka (Table 3 ). This suggests that the lesser number of individuals (as many as 43- Jameson et al. 1982 ; R. J. Jameson, in litt.) used to found the Washington population, although sufficient to preserve overall genetic variability, was small enough that drift during the years after translocation altered allelic frequencies to account for the relative divergence from Amchitka.
Even though translocated populations apparently have not suffered a loss of genetic diversity, most studies of genetic variation in sea otters have revealed relatively low levels of diversity compared with other taxa. In the 1 exception, Lidicker and McCollum (1997) reported mean allozyme heterozygosity (H E ϭ 0.074) in sea otters comparable with values in terrestrial animals. In contrast, Rotterman (1992) found a mean allozyme heterozygosity of only 0.021 in sea otters. All other studies of genetic variation in sea otters have focused on variation in mtDNA. Cronin et al. (1996) found that mtDNA diversity of restriction fragment length polymorphism haplotypes ranged from 0.180 to 0.590, with the lowest in Prince William Sound and the highest within Adak Island followed closely by Amchitka (0.570). Bodkin et al. (1999) found, using the same method, mtDNA haplotype diversities ranged from 0.178 (Prince William Sound) to 0.744 (southeast Alaska).
Comparison of results of this study with those from studies of mtDNA and microsatellite diversity in other mammals suggests that sea otters have low levels of genetic variation in comparison with other mammalian taxa (Table 5) . Moreover, levels of diversity in sea otters are most similar to those seen in other species that have undergone known bottlenecks or persistent population declines. For example, haplotype diversity in mtDNA control regions in sea otters is comparable with that in northern elephant seal (Mirounga anguistirostris). Northern elephant seals were reduced to approximately 20-30 animals in 1884 after exploitation in the 19th century (Hoelzel 1997) . Similarly, both control region haplotype and nucleotide diversity in sea otters are lower than the corresponding values in the European wolf, Canis lupus, another species that has suffered extreme population decline and fragmentation. In the case of microsatellites, mean H E in sea otters (0.42) is less than that in the endangered red wolf (Canis rufus; Table 5 ). Mammalian species with lower mean heterozygosity for microsatellites than what we ob- Table 5 ).
It is also noteworthy that mean microsatellite heterozygosity in sea otter is lower than that in 4 of 5 other mustelid species, the exception being Scandinavian wolverine (Table 5 ). Because most of the microsatellites used in this study were originally developed for other mustelid species, the low microsatellite diversity in sea otter could be caused, in part, by ''ascertainment bias,'' the suggested tendency for microsatellites to be less variable in species other than those from which they were originally selected (Ellegren et al. 1995) . Although this possibility cannot be ruled out with our data, comparison of H E for the 1 sea otterderived locus used in this study, An5, and H E values for the remaining loci, reveals little evidence for ascertainment bias in this study. Mean H E for locus An5 was 0.46, whereas for the remaining loci not derived from sea otters it averaged 0.42 or 0.50, depending on whether or not the nearly fixed Mvi24 locus was included (Table 1) . Hence, it seems likely that the low diversity of microsatellites (and mtDNA) in sea otters is caused, at least in part, by the severe population decline in this species that predated recent translocation efforts.
Among populations that we studied, Prince William Sound had the lowest diversity of mtDNA and microsatellites (Table 1). Other genetic studies have also found low levels of variation in Prince William Sound relative to other populations (Bodkin et al. 1999; Cronin et al. 1996) . Bodkin et al. (1999) hypothesized that the relative lack of genetic variation in Prince William Sound is a consequence of the fact that it suffered one of the longest population bottlenecks after the fur trade and continues to have a lower growth rate than most populations. Apart from its low diversity, F ST estimates and neighbor-joining analyses based on both microsatellite and mtDNA data indicate that Prince William Sound is relatively divergent from the other Alaska populations (Table 3 ; Figs. 1 and 2 ). In addition, Prince William Sound shares a haplotype with California that is not found in any other Alaskan population. The presence of this ''California'' haplotype in Prince William Sound supports the hypothesis that there was gene flow between these 2 remnant groups and that the northern limit of the southern sea otter before fragmentation by the fur trade may have been Prince William Sound (Estes 1990; Riedman 1997; Riedman and Estes 1990) . A similar divergence of the Prince William Sound population from nearby Alaskan populations is also found in another marine mammal that has similar geographic range, the Steller sea lion (Eumetopias jubatus- Bickham et al. 1998) .
Our data on microsatellites and mtDNA provide several useful perspectives for conservation biology of sea otters. First, they suggest that translocations of relatively small numbers of animals (20-30) are sufficient to avoid further loss of genetic diversity if the introduced population expands relatively quickly and the population bottleneck is of short duration; hence, they lend support to this management approach. Second, they provide baseline data with which to evaluate any future changes in genetic diversity within these populations. Third, by comparison with data from other species they provide some suggestion that population decline induced by the fur trade in the 19th century may have caused a loss of genetic variation in this species. Verification of this suggestion, and quantification of any loss of genetic variation that has occurred, must await study of sea otter tissues that predate the 19th century population reduction. 
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